The synthesis of the novel biaryl compound, 4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1) by Suzuki-Miyaura coupling conditions is reported. Compound 1 was subsequently used as a combinatorial template in the parallel solution-phase synthesis of an amine and imine compound library. The amine library was produced using reductive amination conditions and purification was achieved by a liquid-liquid partition followed by silica chromatography to afford 10 amine analogues.
Introduction
The past decade has seen combinatorial chemistry emerge as a powerful research tool for the pharmaceutical industry with the synthesised libraries generally being designed around a core structure or template. A number of publications have recently been reported in which the template has been based on a known natural product. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The main advantage with these new designs is the structural diversity associated with the known natural product, which can include unique stereochemical and/or carbon-carbon/carbon-heteroatom arrangements. With the natural product based template serving as a framework for the organisation of substituents in space, even greater structural diversity can be achieved through the use of combinatorial chemistry. [11] We recently reported the use of a tambjamine natural product template in the generation of an enamine library using parallel solution-phase synthesis. [12] In our continuing interest in five-membered biaryl compounds, we attempted to synthesise a number of structures related to the tambjamine template, 4-methoxy-2-(1H-pyrrol-2'-yl)-1H-pyrrole-5-carbaldehyde (3). These new carbaldehyde templates were to be of a similar molecular weight (M w ) to 3 (i.e. 190 Da) so that the resulting combinatorial libraries would contain compounds with M w 's less than 500 Da. This weight restriction is desirable since it has been reported that compounds which satisfy this criteria generally have better bioavailability. [13] Alternate biaryl systems to 3 were required so that the generated libraries would contain compounds with different spatial characteristics to the previously synthesised tambjamine combinatorial library ( Figure 1 ). We report here the synthesis of two novel biaryl carbaldehydes (1 and 2) and the subsequent generation of two combinatorial libraries using 4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1) as the template. 
Results and Discussion

Synthesis of the Biaryl Carbaldehydes
The synthesis of both biaryl carbaldehydes (1 and 2) was achieved using Suzuki-Miyaura coupling conditions [14] that used tetrakis(triphenylphosphine)palladium (0) [(Ph 3 P) 4 Pd(0)], 1,2-dimethoxyethane (DME)/H 2 O, sodium carbonate (Na 2 CO 3 ), and the previously synthesised 4-bromo-1H-pyrrole-2-carbaldehyde. [15, 16] The commercially available 2-thiophene boronic acid and the readily synthesised 1-(tert-butoxycarbonyl)-1H-pyrrol-2-ylboronic acid [17] were the boronic acid derivatives used for the synthesis of compounds 1 and 2, respectively (Scheme 1). Chromatographic purification of the individual reaction mixtures afforded pure 4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1) and tert-butyl-2-(5'-formyl-1H-pyrrol-3'-yl)-1H-pyrrole-1-carboxylate (2) in yields of 78% and 23%, respectively. To the best of our knowledge this is the first reported synthesis for both compounds 1 and 2. Full onedimensional (1D) and two-dimensional (2D) nuclear magnetic resonance (NMR) spectroscopy combined with negative-ion high-resolution electrospray mass spectrometry [(-)-HRESMS] analysis was used to structurally elucidate both of these biaryl compounds. Due to yield considerations, 4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1) was chosen for the synthesis of the new combinatorial libraries.
Synthesis of the Amine Combinatorial Library
The reductive amination reaction is among the most useful and important tools in the synthesis of different amines. While a large number of reducing reagents exist for this particular chemical transformation, sodium triacetoxy borohydride [NaBH(OAc) 3 ] has become the reducing agent of choice due to its mild and selective properties. This borohydride reagent has been reported in the direct reductive aminations of aliphatic and cyclic ketones, and aliphatic and aromatic aldehydes, using a wide variety of primary (1) and secondary (2) amines. [18, 19] 4
We initially performed three separate, direct reductive amination reactions using 4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1), NaBH(OAc) 3 and morpholine in a variety of solvents, which included 1,2-dichloroethane (DCE), tetrahydrofuran (THF) and acetonitrile (CH 3 CN). Following basic work-up, the reaction mixtures were all chromatographed on silica packed solid phase extraction (SPE)
cartridges and afforded pure 4-{[4-(2'-thienyl)-1H-pyrrol-2-yl]methyl} morpholine (4) in a range of yields (Scheme 2). DCE was chosen as the solvent for all further reactions due to yield considerations and its compatibility with the basic work-up protocol, which involved partitioning the reaction mixture between aqueous sodium hydrogen cabonate (NaHCO 3 ) and dichloromethane (DCM) (Scheme 2).
This optimised direct reductive amination method was used for the generation of the amine combinatorial library. Ten parallel reactions were performed simultaneously using five 1 amines and five 2 amines. Basic work-up and purification on silica packed SPE cartridges resulted in ten amines (4-13), which were structurally elucidated and analysed for purity using 1 H and pulse-field gradient two-dimensional correlation spectroscopy (gCOSY) NMR spectroscopy and both positive-and negative-ion low-resolution electrospray mass spectrometry [()-LRESMS]. Yields were calculated based on the weight of each compound ( Figure 1 ). Liquid chromatography/mass spectrometry (LC/MS) studies were performed on the synthesised tertiary (3) amines with the chromatograms displaying a single peak that corresponded to the relevant m/z ion for each analogue. The 3 amine (4) was fully characterised by 1D and 2D NMR spectroscopy and (+)-HRESMS.
Of the 10 amines synthesised, 9 were obtained in yields greater than 57%. However, the reaction involving n-butylamine did not work using the standard reaction conditions. 1 H NMR and LRESMS analysis of the reaction mix after work-up showed the presence of only minute quantities of the desired amine (9), along with the biaryl carbaldehyde (1) and another compound that was tentatively assigned to the imine, 14. Synthesis of
confirmed that the side-product was the proposed imine (Scheme 3).
With the knowledge that the reductive amination using n-butylamine was relatively slow, compared with all the other amines used for the library production, an indirect reductive amination reaction was attempted. NaBH(OAc) 3 was added to the synthesised imine (14) in dry DCE and the reaction mixture was stirred at room temperature for 4 h (Scheme 4). Silica chromatography on the reaction mixture yielded the dialkylated amine, N,N-bis{ [4-(2- (9) . The presence of the dialkylated amine (15) suggested that the reduction of 14 was very slow and as a result, the small amount of produced monoalkylated amine (9) had sufficient time to either react with the aldehyde (1), produced by hydrolysis of the imine (14) , or the imine (14) itself, to produce the dialkylated amine (15) . The problem of dialkylation when performing reductive aminations using certain aldehydes and 1 amines has been reported in the literature, and this problem is usually rectified by adopting a stepwise procedure involving imine formation followed by the reduction using sodium borohydride (NaBH 4 ) in an alcoholic solvent. [18] This protocol was applied, (14) and the subsequent reduction using NaBH 4 in ethanol (EtOH) at room temperature. After basic workup only the pure monoalkylated amine (9) was obtained (Scheme 4). It has also been reported that acetic acid (AcOH) acts as a catalyst in direct reductive amination reactions, [18] hence this acid was added to 4-(2-thienyl)-1H-pyrrole-2-carbaldehyde (1), NaBH(OAc) 3 and n-butylamine in DCE and stirred at room temperature for 4 h. Following basic work-up,
yl]methyl}-1-butanamine (9) was identified as the major product. A minute quantity of the dialkylated product (15) was also identified by NMR analysis. Integration of the 1 H NMR spectrum was used to determine the relative ratio of the mono to dialkylated amine, which was calculated to be 11:1.
Although the indirect reductive amination method produced the higher quality product, the direct 6 method, which is more amenable to combinatorial solution-phase synthesis, proved to be acceptable for library generation although the product quality was slightly compromised.
Closer inspection of the 1 H NMR spectra for all the synthesised 2 amines (10-13) identified the distinctive proton resonance at ~ 6.14 which was indicative of the dialkylated species. Once again integration of the 1 H NMR spectrum provided the relative ratio of the mono to dialkylated amine for each sample. The quantity of the dialkylated amine in each sample varied between 3.4% and 6.3% (Table 1 ).
All the amines (4, 5, 6-13) proved to be stable if stored dry at 0 C. Stability studies were performed in which small amounts of each amine were left in deuterated dimethyl sulfoxide (DMSO-
at room temperature for several months. After 3 months the samples were analysed by 1 H NMR spectroscopy and it was determined that all the 2 amines (9-13) had fully decomposed, while the 3 amines (4-8) had only partially degraded. While no definitive decomposition product was identified in any of samples, the presence of many downfield 1 H NMR signals between  6.0 and  8.0 suggested the formation of polymeric material.
Synthesis of an Imine Combinatorial Library
Due to the successful synthesis of N-{(E)-[4'-(2"-thienyl)-1H-pyrrol-2'-yl]methylidene}-1-
butanamine (14), a small series of related imines were synthesised by solution-phase parallel chemistry and stability studies were performed. The reaction conditions involved stirring anhydrous DCE, 4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1) and the relevant 1 amine at room temperature for 4 h.
Removal of the excess volatile 1 amine by evaporation under nitrogen (N 2 ) yielded the individual pure imine. 7 The imines (14, (16) (17) (18) (19) were structurally elucidated by 1 
H and gCOSY NMR analysis combined with (+)-LRESMS. N-{(E)-[4'-(2"-thienyl)-1H-pyrrol-2'-yl]methylidene}-1-butanamine (14) was fully
characterised by 1D and 2D NMR spectroscopy and (+)-HRESMS.
All the synthesised imines (14, (16) (17) (18) (19) proved to be unstable even when stored dry at 0 C.
After 3 months in storage the imines were analysed by 1 H NMR spectroscopy and it was determined that all the samples had started to decompose. The major decomposition product was the starting material, 4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1), which was identified by the salient 1 H chemical shift at  9.50. Integration of the 1 H NMR spectra resulted in the calculation of the relative ratio of the aldehyde (1) to the imine for each sample ( Table 2 ).
Conclusion
The model template, 4-(2-thienyl)-1H-pyrrole-2-carbaldehyde (1) 
4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1).
2-Thiophene boronic acid (384 mg, 3.0 mmol), 4-bromo-1H-pyrrole-2-carbaldehyde (352 mg, 2.0 mmol), [15, 16] (Ph 3 P) 4 Pd(0) (116 mg, 0.1 mmol, 5% mol) and Na 2 CO 3 (532 mg, 5.0 mmol) were added to a two-necked round bottom flask (50 mL) charged with argon (Ar). Anhydrous DME (8 mL)
and degassed H 2 O (2 mL) were added and the solution was heated at 85 C for 16 h. After evaporation of the solvent in vacuo the residue was partitioned between H 2 O (25 mL) and DCM (2  25 mL). The organic layer was evaporated to dryness and chromatographed on a silica flash column (40 mm  20 mm) using 100% DCM as the eluent. This fraction was chromatographed on a Sephadex LH-20 column run at a flowrate of 8 mL/min with 50%methanol (MeOH)/50% DCM as the eluent and yielded one fraction that was recrystallised using 100% DCM to afford pure 4-(2'-thienyl)-1H-pyrrole-2- 
1-(Tert-butoxycarbonyl)-1H-pyrrol-2-ylboronic acid (105 mg, 0.5 mmol), [17] 4-bromo-1H-pyrrole-2-carbaldehyde (88 mg, 0.5 mmol), [15, 16] 
ppm).
General Procedure for Amine Synthesis
The relevant amine (68 mol) was added to a solution of 4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1, 6 mg, 34 mol) and NaBH(OAc) 3 (14 mg, 68 mol) in anhydrous DCE (500 L) and the reaction was stirred at room temperature for 4 h. The solution was partitioned between DCM (1.5 11 mL) and 1N NaHCO 3 (3  2 mL). The organic phase was chromatographed on a silica packed SPE cartridge using a gradient from 100% DCM to 10% MeOH/90% DCM in 5% stepwise elutions. The resulting fractions were analysed by silica thin layer chromatography (TLC), in order to identify the fraction containing the pure amine. 
4-{[4'-(2"-Thienyl)-1H-pyrrol-2-yl]methyl} morpholine (4).
1-Ethyl-4-{[4'-(2"-thienyl)-1H-pyrrol-2'-yl]methyl}piperazine (6
4-{[4'-(2"-Thienyl)-1H-pyrrol-2'-yl]methyl}thiomorpholine (7
1-Acetyl-4-{[4'-(2"-thienyl)-1H-pyrrol-2'-yl]methyl}piperazine (8)
.
2-Methoxy-N-{[4'-(2"-thienyl)-1H-pyrrol-2'-yl]methyl}ethanamine (10
2-(4'-Morpholinyl)-N-{[4"-(2"'-thienyl)-1H-pyrrol-2"-yl]methyl}ethanamine (11
1-[3'-({[4"-(2"'-Thienyl)-1H-pyrrol-2"-yl]methyl}amino)propyl]-2-pyrrolidinone (13):
Yellowbrown oil, 6.0 mg (58% yield). 1 H NMR (DMSO-d 6 , 500 MHz)  1.57, 2H, tt, J 7.5, 7.0 Hz, H14; 14 Synthesis of 9 and 15 using the Indirect Reductive Amination with NaBH(OAc) 3 in DCE N-butylamine (31 L, 340 mol) was added to 4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1, 6 mg, 34 mol) in anhydrous DCE (500 L) and the reaction was stirred at room temperature for 4 h.
The excess amine and DCE were evaporated to dryness then resuspended in dry DCE and NaBH(OAc) 3 (28 mg, 132 mol) was added. This solution was stirred at room temperature for 4 h.
The solution was partitioned between DCM (1.5 mL) and 1N NaHCO 3 (3  2 mL). The organic phase was chromatographed on a silica packed SPE cartridge using a gradient from 100% DCM to 10% 
Synthesis of 9 using the Indirect Reductive Amination with NaBH 4 in EtOH.
N-butylamine (31 L, 340 mol) was added to 4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1, 6 mg, 34 mol) in anhydrous DCE (500 L) and the reaction was stirred at room temperature for 4 h.
The organic solvent was evaporated to dryness and NaBH 4 (2.6 mg, 68 mol) in 99% EtOH (500 L)
was added and the mixture was stirred at room temperature for 1 h. The solution was partitioned between DCM (1.5 mL) and 1N NaHCO 3 (3  2 mL). The organic phase was evaporated to yield pure were added to 4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1, 6 mg, 34 mol) in anhydrous DCE (500 L) and the reaction was stirred at room temperature for 4 h. The solution was partitioned between DCM (1.5 mL) and 1N NaHCO 3 (3  2 mL). The organic phase was evaporated to dryness to yield a
General Procedure for Imine Synthesis
The relevant primary amine (339 mol) was added to 4-(2'-thienyl)-1H-pyrrole-2-carbaldehyde (1, 6 mg, 33.9 mol) in anhydrous DCE (500 L) and the reaction was stirred at room temperature for 4 h. The DCE was evaporated under N 2 then DCM (1 mL) was added and evaporated. This resuspension and evaporation process was repeated twice, to yield the pure imine. Table 1 . Relative ratio of mono to dialkylated amine for samples (10-13).
Sample monoalkylated:dialkylated (10) 23:1 (11) 28:1 (12) 15:1 (13) 25:1 Table 2 . Relative ratio of imine to aldehyde for samples (14, (16) (17) (18) (19) (ii) (Ph 3 P) 4 Pd(0), Na 2 CO 3 , DME:H 2 O (4:1), 100 o C, 16 h, Ar (2, 23%). (i) DCE, NaBH(OAc) 3 , rt, 4 h, N 2 (4, 88%).
(ii) THF, NaBH(OAc) 3 , rt, 4 h, N 2 (4, 65%). (i) DCE, NaBH(OAc) 3 , rt, 4 h, N 2 (9, 29%; 15, 24%).
(ii) EtOH, NaBH 4 , rt, 1 h, N 2 (9, 98%). 
